Background-Pulmonary artery (PA) balloon angioplasty and/or stenting (PA rehabilitation) is one of the most common procedures performed in the cardiac catheterization laboratory, but comprehensive and consistently reported data on procedure-related adverse events (AE) are scarce. Methods and Results-Data were prospectively collected using a multicenter registry (Congenital Cardiac Catheterization Project on Outcomes). All cases that included balloon angioplasty and/or stent implantation in a proximal or lobar PA position were included. Multivariate analysis was used to evaluate for independent predictors of AE and need for early reintervention. Between February 2007 and December 2009, 8 institutions submitted details on 1315 procedures with a PA intervention. An AE was documented in 22% with a high severity (level 3 to 5) AE in 10% of cases. Types of AE included vascular/cardiac trauma (19%), technical AE (15%), arrhythmias (15%), hemodynamic AE (14%), bleeding via endotracheal tube/reperfusion injury (12%), and other AE (24%). AE were classified as not preventable in 50%, possibly preventable in 41%, and preventable in 9%. By multivariate analysis, independent risk factors for level 3 to 5 AE were presence of Ն2 indicators of hemodynamic vulnerability, age below 1 month, use of cutting balloons, and operator experience of Ͻ10 years. Reintervention during the study period occurred in 22% of patients undergoing PA rehabilitation. Conclusions-PA rehabilitation is associated with a 10% incidence of high-level severity AE. Hemodynamic vulnerability, young age, use of cutting balloons, and lower operator experience were significant independent risk factors for procedure-related AE. (Circ Cardiovasc Interv. 2011;4:287-296.) Louis, MO (J.M.). The online-only Data Supplement is available at http://circinterventions.ahajournals.org/cgi/content/full/CIRCINTERVENTIONS.110.961029/DC1.
P ulmonary artery (PA) balloon angioplasty and/or stenting (PA rehabilitation), is one of the most common procedures performed in cardiac catheterization laboratories treating congenital heart disease. Within the Congenital Cardiac Catheterization Project on Outcomes (C3PO) registry, 1 on average 11% of cardiac catheterization included PA rehabilitation, ranging between 6% and 17% among participating institutions. However, comprehensive and consistently reported data on procedure-related adverse events (AE) is scarce with most studies reporting small, retrospective, single-center experiences with Ͻ50 patients. The incidence of serious AE has been reported to be Ͻ5% for PA stenting [2] [3] [4] [5] [6] [7] and 4% to 18% for balloon angioplasty, 1,8 -10 but inconsistent definitions and capture of AE make it nearly impossible to compare event rates among institutions or conduct a meta-analysis on adverse outcomes for balloon angioplasty and/or stenting of PA.
Clinical Perspective on p 296
Bergersen et al 1 recently reported on the C3PO a multicenter registry prospectively collecting outcome data on a variety of cardiac catheterization procedures. 1 The present study was designed to explore the results of balloon angioplasty and/or stent placement in branch PAs and identify predictors of AE in this population.
Methods
Data were prospectively collected using the C3PO, a multiinstitutional interventional registry with 8 participating institutions. Details pertaining to registry design have recently been reported by Bergersen et al. 1 All physicians participating in the C3PO registry reviewed and approved the content of this manuscript.
Inclusion and Exclusion Criteria
All cases in which PA angioplasty and/or stent placement was performed in at least 1 proximal, lobar, or sublobar branch PA were included (no exclusions). Reports have suggested a difference in technical considerations and acute procedural results of balloon angioplasty when comparing proximal and distal lesions. 11 Therefore, procedures were separated into 3 groups: (1) proximal: Balloon angioplasty and/or stent placement performed only on proximal branch PAs, between the origin of either right or left PA, and the take-off of the first lobar branch; (2) lobar: balloon angioplasty and/or stent placement performed only on lobar and/or sublobar branch PAs, distal to the take-off of the first lobar branches; and (3) mixed: balloon angioplasty and/or stent placement performed on proximal and lobar/sublobar branch PAs.
Each case was considered to represent an independent opportunity for an adverse outcome and characterize the population of patients treated during the time period at the participating institutions. However, to facilitate analysis of reintervention, the data base administrator assigned each procedure a unique numeric patient identifier. Cases that had the same patient initials, hospital identifier, and date of birth were assigned the same numeric patient identifier.
Data Collected
Variables collected included demographic data (age, weight), clinical data (underlying diagnosis, previous catheter, and surgical procedures), case data (type of anesthesia, case time defined from sheath entry to sheath removal, fluoroscopy time, contrast amount, vascular access, interventions performed), hemodynamic and oxymetry data (mixed venous saturations, systemic arterial saturations, systolic right and systemic ventricle pressure, systemic end-diastolic pressure, main pulmonary artery pressure), as well as other details (inotropic support and use of extracorporeal membrane oxygenation). The impact of (predictor) variables on incidence of adverse events was evaluated.
Hemodynamic variables associated with vulnerability for AE were determined on the basis of on an empirical analysis of the full C3PO data set. 12 Briefly, univariate analysis identified factors associated with clinically important (levels 3, 4, and 5) adverse events and subsequently a multivariate logistic model based on this outcome was built in a forward stepwise manner. The final model with the best predictive performance for high-severity adverse events included systolic main PA pressure Ն45 mm Hg (2-ventricle) or mean PA pressure Ն17 mm Hg (single ventricle), systemic ventricular end-diastolic pressure Ն18 mm Hg, mixed venous saturations Ͻ60% (2-venricle) or mixed venous saturation Ͻ50% (single ventricle), and systemic saturations Ͻ95% (2-ventricle) or Ͻ78% (single ventricle). Hemodynamic vulnerability was defined as none, 1, or Ն2, based on the total number of hemodynamic vulnerability variables present.
All AE were captured, and each AE was assigned a severity category from 1 to 5 (none, minor, moderate, major, and catastrophic) and preventability designation (not preventable, possibly preventable, and preventable) as defined in the International Pediatric Congenital Cardiology Code nomenclature 13 (online-only Data Supplement Tables S1 and S2). All AE were independently reviewed (nonblinded) by 2 interventional cardiologists for proper and consistent application of seriousness and preventability categorization. Differences in the assignments of severity and preventability were resolved between reviewer and operator for each individual case (reviewer assessment taking precedence).
Completeness of case capture was confirmed by requiring institutions to cross-check a list of cases entered into the data base with institutional records. Cases that had been missed were added to the data base retrospectively. Participants were sent monthly exception reports to facilitate capture of any missing data. After the first 15 months of the study period, a random audit of 10% of cases was performed at each participating institution, documenting a 92% capture rate of high severity (level 3 to 5) AE. 10
Statistical Analysis
Descriptive patient and case characteristics were provided for all cases and were stratified by case type (proximal, lobar, and mixed).
Multiple procedures performed in the same patient were presumed to be independent from each other. Median, range, and interquartile range were calculated for all continuous variables and frequency with percentages for categorical variables. Patient and case characteristics were compared across these 3 groups, using the Kruskal-Wallis test for continuous variables and the 2 test for categorical variables. Additional comparisons of 2 groups (eg, for cases with single-ventricle physiology versus 2-ventricle physiology) were performed using the Wilcoxon rank-sum test or the 2 test. The Spearman rank-correlation coefficient was used to evaluate the relationship between number of interventions and the case and fluoroscopy times.
Patient and procedural characteristics were assessed in univariate analysis for a relationship with any AE, any high-severity AE, and subsequent reintervention. For demographic, clinical, hemodynamic, and procedural variables, the 2 test was used for univariate comparisons. For institutional and operator variables, generalized estimating equations models were used to account for the correlation among patients from the same hospital (hospital volume) or having the same operator (operator experience, and operator volume).
Predictors that were statistically significant in univariate analysis (PϽ0.1) were included in the multivariate analysis. Generalized estimating equations models using forward selection were used for multivariate analysis; variables significant at the 0.05 level based on the likelihood ratio test were retained in the final models. Odds ratios (OR) and 95% confidence intervals were provided. With the exception of selecting factors for the multivariate model, all other tests were considered statistically significant if PϽ0.05. StatsDirect 2.7.8 as well as SAS 9.2 were used for statistical calculations.
Results
Between February 1, 2007, and December 31, 2009, 11 804 cardiac catheterization cases were entered into the C3PO registry. Of these 11 804 cases, 1315 (11%), performed in 969 patients, met the inclusion criteria.
PA rehabilitation was performed exclusively on proximal PAs in 789 cases (60%), exclusively on lobar locations in 226 cases (17%), and on mixed locations in 300 cases (23%). Additional interventions were performed in 440 cases (33%) ( Table 1 and Table 2 ).
Population and Case Characteristics
The median age was 3.5 years (1 day to 70 years), and the median weight was 13.6 kg (1.8 to 151 kg) ( Table 1 and Table S3 ). The underlying anatomy was single ventricle in 22%, complex 2-ventricle in 71%, and other anatomy in 7%. An underlying genetic abnormality was present in 19% of cases. The majority (85%) of cases were elective. Cases performed within 30 days of preceding cardiac surgery accounted for 9% of all cases. General anesthesia with a secured airway was used in 81% of cases. Two percent of cases were performed using a Hybrid approach.
online-only Data Supplement

Hemodynamic Data
In patients with a 2-ventricle circulation 10% had suprasystemic right ventricular pressures. Patients met hemodynamic vulnerability criteria for main PA pressure in 34%, systemic saturation in 33%, mixed venous saturations in 16%, and end-diastolic pressure in 4%. Two or more parameters of hemodynamic vulnerability were present in 24% of cases, whereas just 1 parameter was present in 33% of cases (online-only Data Supplement Table S4 ). When comparing the lobar and mixed groups with the proximal group, there was a higher incidence of cases with 1 (42% versus 41% versus 28%) or Ն2 (30% versus 30% versus 20%) parameters of hemodynamic vulnerability.
PA Interventions
PA rehabilitation was performed on proximal PAs in 60% of cases, lobar locations in 17%, and mixed locations in 23%. Cases that only involved the proximal branch PAs were more likely to undergo additional non-PA interventions (41% versus 22%, PϽ0.001). Lobar or mixed interventions were less common in patients with single-ventricle physiology when compared with those with 2-ventricle physiology (12% versus 48%, PϽ0.001).
More than 1 PA intervention was performed in 57% of cases, whereas Ն5 PA interventions were performed in 9% of cases, even though they accounted for Ͻ5% of all PA rehab procedures in 4 of the 8 institutions. Multiple PA interventions were less common in the proximal group when compared with the lobar and mixed group (35% versus 75% versus 100%, PϽ0.001). The percentage of patients with an underlying genetic syndrome was higher in cases in which multiple PA interventions were performed when compared with those cases that required only a single PA intervention (25% versus 17%, Pϭ0.014).
The type of PA interventions performed is listed in Table  3 . Balloon angioplasty with a maximum pressure Ͻ8 atm was performed in 26% of cases, balloon angioplasty with maximum pressure Ͼ8 atm in 43%, stent angioplasty in 24%, cutting balloon angioplasty in 17%, and stent implantation in 37% (premounted 17%, nonpremounted 20%). Stent implantation was significantly more common in the proximal group when compared with the lobar and mixed group (43% versus 23% versus 32%, PϽ0.001), whereas cutting balloon angioplasty was more frequently used in the lobar and mixed group when compared with the proximal group (38% versus 39% versus 2%, PϽ0.001).
Premounted stents accounted for 46% of all stent implantations, with their use being more common in younger patients (median age, 1.5 years versus 7.4 years for nonpremounted, PϽ0.001) and in nonelective/emergent cases or cases performed within 30-days of surgery when compared with other cases (37% versus 11%, PϽ0.001). The majority (51%) of premounted stents were implanted in proximal PAs, with 40% of those being implanted in patients Ͼ1 year of age.
The median case time was 141 minutes (5 to 566 minutes) and the median fluoroscopy time was 48 minutes (0 to 235 The median contrast load was 5.3 mL/kg, ranging from 0 to 16.9 mL/kg. In 6.5% of cases a total amount of contrast equal to or in excess of 10 mL/kg was administered.
Adverse Events
An AE occurred in 22% of cases, with high severity level 3 to 5 AE occurring in 10% of cases (online-only Data Supplement Table S5 ). Two patients (0.015%) died as a direct result of the procedure. Levels of severity of AE are listed in Table 4 . Thirty-eight life-threatening level 4 to 5 AE (Table 4 ) occurred including vascular tears (nϭ8), stent malposition/embolization requiring surgical intervention (nϭ5), endotracheal bleeding or hemodynamically important reperfusion injury (nϭ4), asystole, heart block, or other hemodynamic instability related to catheter and/or wire manipulation requiring full resuscitation (nϭ6), and postprocedural upper airway obstruction (nϭ1). There were 8 level 4 to 5 AE that were unrelated to the PA rehabilitation procedure, and for 6 events the relationship to the type of intervention was unclear. AE were less common in the proximal group when compared with the lobar or mixed group (20% versus 23% versus 26%, PϽ0.05). Types of adverse events are listed in Table 5 . When comparing the proximal with the lobar and mixed groups, technical AE (23% versus 3% versus 9%, Pϭ0.002) were more common, whereas vascular trauma (11% versus 29% versus 23%, Pϭ0.001) and bleeding via the endotracheal tube or reperfusion injury (5% versus 21% versus 20%, PϽ0.001) were less common. There was no significant difference among the 3 subgroups with regard to the incidence of preventable or possibly preventable AE. AE were classified as not preventable in 50%, possibly preventable in 41%, and preventable in 9% (online-only Data Supplement Table S6 ). Preventable AE (nϭ29) were variable and are listed in Table 6 . None of the arrhythmias were classified as a preventable AE. There was no difference in the severity of adverse events when comparing preventable with not/possibly preventable adverse events: The incidence of high-severity adverse events was 41% among preventable AE and 45% among not/possibly preventable adverse events (Pϭ0.632).
Although the exact relationship with a procedural component could not always be clearly established for all AE, some AE such as coil malposition or entering of pericardial space during transseptal puncture were clearly related to additional interventions performed in the same setting.
Predictors of AE
There were multiple patient and procedural characteristics associated with an occurrence of AE in univariate analysis, for both, any, and level 3 to 5 AE (Table 7 and online-only Data Supplement Table S7 ). However, in multivariate analysis, the independent risk factors for high-severity level 3 to 5 AE were Ն2 parameters of hemodynamic vulnerability (OR, 1.65; CI, 1.07 to 2.54), age Ͻ1 month (OR, 2.52; CI, 1 to 6.32), use of cutting balloon (OR, 1.64; CI, 1.25 to 2.15), as well as operator experience Ͻ10 years (OR, 1.61; CI, 1.02 to 2.54). Even though the incidence of high-severity level 3 to 5 AE was higher for operators with Ͻ10 years of experience, there was no notable difference in the type of AE seen. Furthermore, the percentage of preventable or possibly preventable AE was not significantly higher when compared with more experienced operators (5.2% versus 4.8%, Pϭ0.572).
For any AE, independent predictors by multivariate analysis were Ն2 parameters of hemodynamic vulnerability (OR, 1.66; CI, 1.24 to 2.22), use of cutting balloon (OR, 1.94; CI, 1.26 to 2.98), age Ͻ1 month (OR, 2.59; CI, 1.37 to 4.87), as well as non-PA interventions (OR, 1.48; CI, 1.13 to 1.93). In contrast to level 3 to 5 AE, operator experience of Ͻ10 years was not identified as an independent risk factor for any AE.
Institutional and operator case load as well as number of PA rehabilitation procedures did not have an association with the occurrence of level 3 to 5 or any AE. Table 8 lists the institutional case loads and frequency of PA rehabilitation procedures for all 8 participating centers as well as incidence of AE per center.
Reinterventions
The median follow-up over the study period was 16 months (1 day to 35 months). Of 969 patients, 215 (22%) underwent 346 reinterventions during the study period. Only 1 reintervention was performed in 141 (15%) patients, whereas 74 (8%) patients had Ͼ1 reintervention during the study period. For the 215 patients with at least 1 reintervention, median time between the first and second procedure was 181 days (1 to 896 days). Reinterventions were less common in the proximal group when compared with the lobar or mixed group (15% versus 39% versus 39%, PϽ0.001).
Independent factors associated with reintervention included age Ͻ18 years, lobar or mixed interventions, nonelective or emergent procedures, and institutional case volume Ͼ500 procedures per year (for OR and 95% CI, see onlineonly Data Supplement Table S8 ).
Discussion
In this cohort of 1315 transcatheter PA interventional cases, AE occurred in 22% of all cases, and high-severity (level 3 to 5) AE occurred in 10% of cases, notably higher than what has been previously reported; however, mortality was much less common. 14 The majority (74%) of level 3 to 5 AE were level 3, which by definition are not associated with permanent disability. This study is the first to highlight the importance of operator experience as a potential risk factor for high severity level 3 to 5 AE. Furthermore, this study has documented important differences between proximal lesions as well as lobar/mixed lesions, relating to interventional technique as well as adverse events.
Procedural Technique and AE
This study has provided important data to aid in procedural planning as well as preprocedure counseling of patients who require PA rehabilitation. All forms of balloon angioplasty and the use of premounted stents were more common in the lobar and mixed groups, whereas nonpremounted stents were used more commonly in the proximal group.
Even though the majority of premounted stents cannot be expanded to adult size, they were used in close to 50% of all stent implantation. Although redilation of large-diameter stents is known to be feasible and highly successful even after 10 years after implantation, 5 this is not he case for the common premounted small and medium diameter stents, in which vessel growth can easily exceed the diameter that can be accommodated with these stents. Even though surgical stent removal or plasty is feasible in many patients, 15 creating a future area of stenosis resulting from diameter limitations of the implanted stent should be avoided. However, there are some valid reasons for using small and medium diameter stents in a proximal PA position, which may explain the high usage in this patient population. These include limitations of the vessel size (small diameters, short length), maximum stent diameter not exceeding the projected adult-size vessel, as well as hemodynamic instability, with inability to tolerate the use of large sheaths and stiff wires. In these patients, implanted small-diameter stents can potentially be fractured, as shown recently by Maglione et al, 17 through the use of ultra-high-pressure balloons. Hybrid stent delivery, used in 2% of all cases, has been shown to be a suitable alternative in selected patients 18 and may be particularly helpful when large-diameter stents must be implanted in small and/or hemodynamically unstable patients. Balloon angioplasty alone remains a very important treatment modality, particularly for small lobar and sublobar branches. However, recurrence rate after standard balloon angioplasty in excess of 10% within 1 year of the procedure have been well documented. 11 An alternative, especially for resistant lesions, is the use of cutting balloon angioplasty, which has been shown to achieve significant improvements in vessel diameters, with restenosis rates similar to conventional angioplasty. 19 Although the use of cutting balloons was found to be an independent risk factor for any AE as well as high severity level 3 to 5 AE, this may be an indicator of the severity of the underlying lesion, rather than a side effect of the procedural technique; however, parameters of severity and complexity of a lesion, such as morphology, tightness, or sublobar location, were not collected in this registry.
Cutting balloon angioplasty was used more frequently in the lobar and mixed group, where important AE, such as vascular injury as well as reperfusion injury or bleeding via the endotracheal tube, were more common as opposed to just proximal lesions. In contrast to isolated proximal lesions, patients with lobar lesions often have generalized PA disease with persistent main PA hypertension even after angioplasty and/or stent placement, which can result in increased distal PA pressures of the rehabilitated segment, which may explain the higher incidence of reperfusion injury. Arnold et al 20 documented acute changes in distal PA pressures Ͼ150% and a mean distal PA pressure of Ͼ20 mm Hg after intervention as risk factors for reperfusion injury. Treating as many branch PA lesions as possible may have the greatest potential to effectively relief the main PA pressures, thereby reducing the risk of distal PA hypertension and reperfusion injury. Although the incidence of bleeding via the endotracheal tube was as high as 12%, it is unclear whether all these represent typical reperfusion injury, or whether some of these instances may have been related to using small stiff 0.018 in wires, which can readily perforate the wall of small pulmonary vasculature.
In contrast to reperfusion injury, technical complications were more common in proximal lesions. Achieving a stable balloon position can be more challenging and operators are therefore more likely to encounter complications such as stent migration or stent embolization. However, the data do not reflect the incidence of jailing of adjacent vascular branches, which may be more common for lobar lesions, and which was not captured in the C3PO registry.
Although the operator can influence the procedural technique that is being used, other risk factors are less modifiable. This study has identified multiple indicators of hemodynamic vulnerability, and low patient age as independent risk factors for all AE as well as for the more severe level 3 to 5 AE. Although important for preprocedural counseling, frequently there is very little the operator can do to mitigate these risks because catheterization is often the only feasible remaining treatment modality to eliminate important (residual) anatomic problems in these patients.
This study has documented a significantly higher incidence of high level AE in operators with Ͻ10 years of experience. The fact that this study did not demonstrate an increased percentage of preventable AE in these operators, suggests that the higher incidence of AE is more likely secondary to subtle differences in operator technique and judgment rather than gross mistakes or errors. This highlights the importance of young interventionalists to be mentored by an experienced operator during the early stages of their career as an independent operator. Interestingly, operator experience did not appear to be an independent risk factor when looking at all AE. Guidance, therefore, is most important during "crucial" elements of a procedure that are more likely to have associated high severity level 3 to 5 AE if suboptimal technique is used. Examples would include stent, balloon and wire choice (and position), which affect important possible higher level AE such as vascular/cardiac trauma, stent migration, and reperfusion injury/bleeding via the endotracheal tube.
Reinterventions
Early reinterventions occurred in 22% of patients. However, reinterventions are often planned and part of a long-term treatment strategy that is aimed at ultimately rendering the pulmonary vasculature suitable for a full biventricular repair with ventricular septal defect closure. Reinterventions therefore represent not necessarily a procedural failure but rather a conscious therapeutic strategy to improve pulmonary vascular growth. Furthermore, a variable referral base as well as different interventional treatment strategies further account for differences in early reinterventions between institutions.
Limitations
The study is limited by the lack of procedural data relating to the efficacy of the balloon angioplasty and/or stent placement that was performed. Although AE are important, the incidence would need to be judged on the basis of whether the transcatheter therapy achieved its intended purpose. Further-more, the collected data did not allow attributing each AE with the individual intervention (eg, stent, balloon angioplasty, or cutting balloon) and/or location (proximal, lobar, or sublobar). Furthermore, indicators of morphological severity and complexity of a lesion were not captured because AE and performed interventions were captured independent from each other. In addition, sublobar location was not captured but instead included within the lobar group. Some important clinical data are missing, such as classification of a branch PA stenosis as primary or postsurgical, additional anatomic details (eg, unifocalized collateral vessels versus native PA branches), or details of previous surgical procedures. Although an effort has been made to report all AE, it is likely that some AE, especially those of lesser significance (level 1 to 2) may have not been captured completely. Furthermore, although acute AE are well captured, the registry does not provide data on medium or long-term AE, such as aneurysms and stent fracture. The data set did not allow at this time for risk stratification analysis.
Conclusions
Transcatheter PA interventional therapy has a 22% risk of associated procedure-related AE, with higher-severity events occurring in 10%. Presence of Ͼ2 indicators of hemodynamic vulnerability, low weight, use of cutting balloons, as well as operator experience of Ͻ10 years were significant independent risk factors for high severity level 3 to 5 procedurerelated AE. Whenever possible, patients must be hemodynamically stabilized before considering PA rehabilitation. Young operators with little experience in PA rehabilitation should be familiar with procedural risks and ideally have close mentoring to limit the incidence of procedure-related AE. Small patients with multilevel PA disease involving lobar or mixed locations have a higher incidence of reinterventions, probably reflecting the therapeutic treatment strategy, which includes frequent planned transcatheter interventions. Operators must be aware of all typical risks of these procedures when counseling patients and families. ital heart disease. Biomedical companies have consultant or advisory board relationships with the Dr Cheatham: TOSHIBA Medical Systems Corporation, AGA Medical Corporation, W.L. Gore & Associate, Inc, and Medtronic, Inc.
